Polycomb Group (PcG) and Trithorax Group (TrxG) proteins are key epigenetic regulators of global transcription programs. Their antagonistic chromatin-modifying activities modulate the expression of many genes and affect many biological processes. Here we report that heterozygous mutations in two core subunits of Polycomb Repressive Complex 2 (PRC2), the histone H3 lysine 27 (H3K27)-specific methyltransferase E(Z) and its partner, the H3 binding protein ESC, increase longevity and reduce adult levels of trimethylated H3K27 (H3K27me3). Mutations in trithorax (trx), a well known antagonist of Polycomb silencing, elevate the H3K27me3 level of E(z) mutants and suppress their increased longevity. Like many long-lived mutants, E(z) and esc mutants exhibit increased resistance to oxidative stress and starvation, and these phenotypes are also suppressed by trx mutations. This suppression strongly suggests that both the longevity and stress resistance phenotypes of PRC2 mutants are specifically due to their reduced levels of H3K27me3 and the consequent perturbation of Polycomb silencing. Consistent with this, long-lived E(z) mutants exhibit derepression of Abd-B, a well-characterized direct target of Polycomb silencing, and Odc1, a putative direct target implicated in stress resistance. These findings establish a role for PRC2 and TRX in the modulation of organismal longevity and stress resistance and indicate that moderate perturbation of Polycomb silencing can increase longevity.
T rimethylation of Histone H3 lysine 27 (H3K27me3) is essential for the establishment and maintenance of Polycomb silencing and is carried out by Polycomb Repressive Complex 2 (PRC2), one of several PcG protein complexes that collaborate to implement Polycomb silencing (1) . PRC2 contains the PcG proteins E(Z), SU(Z)12, ESC (or ESCL) and PCL (1) . E(Z) is the catalytic subunit of PRC2 and its H3K27 trimethylation activity requires the other PRC2 subunits (2) (3) (4) (5) (6) . Recent genome-wide mapping of sites on chromatin that contain H3K27me3 and are bound by PcG proteins have identified hundreds of putative Polycomb target genes in Drosophila and several thousand in human cells (7) (8) (9) (10) . In addition to their well-established role in maintaining cell identities, PcG proteins have been implicated in many processes relevant to aging, including stem cell pluripotency and self-renewal, regulation of cell cycle exit, regeneration and wound healing, tumorigenesis, and DNA repair, suggesting that PcG proteins may also modulate organismal life span (1, (11) (12) (13) (14) (15) (16) .
Studies in cultured mammalian cells have implicated PcG proteins in the regulation of cellular senescence (17) (18) (19) . However, the relationship between cellular senescence and organismal aging remains uncertain (20, 21) . Here we examine the role of PRC2 in the modulation of organismal life span. Using multiple alleles of several core subunits of PRC2, focusing on the subunits E(z) and esc, we provide genetic evidence that heterozygous mutations in these genes increase organismal longevity. Similar to other longlived mutants, heterozygous E(z) and esc mutants exhibit increased resistance to oxidative stress and starvation. Furthermore, we provide evidence that the increased longevity and stress resistance are due to moderately reduced H3K27me3 and a consequent deficit in Polycomb silencing.
Results
To determine whether PRC2 modulates life span, we first examined several independently isolated mutant alleles of E(z), which encode the catalytic subunit of PRC2. Flies heterozygous for the protein null E(z) 63 or the catalytically inactive E(z) 731 mutation that were progeny of an out-cross to an Oregon-R (O-R) wild-type strain exhibited a substantially greater median life span than the O-R control (71% and 76%, respectively) ( Fig. 1 A and B). When derived from an out-cross to a longer-lived Canton-S (C-S) wild-type strain, the median life span of E(z) 63 heterozygotes was 33% longer than the C-S control ( Fig. 2A) . The life spans of two heterozygous esc mutants were also determined. ESC binds directly to histone H3 and is required for H3K27 trimethylation by E(Z) (5) . Males heterozygous for the null esc 4 or the dominant negative esc 9 mutation that were progeny of an out-cross to an O-R wild-type strain had median life spans that were, respectively, 47% and 60% longer than the O-R control ( Fig. 1 C and D) . When derived from an out-cross to a longer-lived C-S wild-type strain, heterozygous esc 9 flies had a median life span that was 43% longer than the C-S control (Fig. 2B) . The similar effects on longevity observed using four different mutations in both E(z) and esc out-crossed to two different wild-type strains strongly suggests that their increased longevity is due to the mutations in E(z) and esc and not other factors present in the genetic background. Initial results indicate that mutations in other PRC2 subunits including Su(z)12 and escl also cause a significant extension of life span when out-crossed to O-R (Fig. S1 ).
To determine whether disruption of Polycomb silencing is indeed the cause of the increased longevity, we tested whether mutations in trx could suppress the extended life span phenotype of E(z) mutants. TRX and other Trithorax Group (TrxG) proteins antagonize Polycomb silencing and are required for robust maintenance of active transcriptional states of Polycomb target genes (22) (23) (24) (25) . TRX itself is a histone methyltransferase that specifically trimethylates histone H3 on lysine 4 (H3K4me3), a modification associated with promoter regions of active genes (26) (27) (28) (29) (30) . TRX also interacts with the histone acetyltransferase CBP and is required for CBP-mediated acetylation of H3K27, which directly blocks H3K27 trimethylation by E(Z), because the two modifications are mutually exclusive (31) . Accordingly, mutations in the trx gene suppress the silencing defects of PcG mutants and would be expected to suppress the increased longevity phenotype of E(z) mutants if it were also due to compromised Polycomb silencing. As shown in Fig. 3 , the null trx B11 mutation partially suppresses the long life span phenotype of E(z) 60 mutants, eliminating 75% of the increase in E(z) 60 longevity (Fig. 3A) .
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The weaker trx Z11 allele also significantly shortened E(z) 60 life span, but to a lesser extent, eliminating just 25% of the increase in its longevity, consistent with the hypomorphic nature of trx Z11 (Fig.  3B) . These results suggest that the increased longevity of heterozygous PRC2 mutants is most likely due to reduced H3K27 trimethylation and consequent perturbation of Polycomb silencing.
To assess the impact of the heterozygous PRC2 mutations on H3K27me3, we performed quantitative western analysis of whole adult male extracts, which revealed a 35% decrease in H3K27me3 levels in E(z) 63 and E(z) 60 heterozygotes and a 45% decrease in the even longer-lived esc 9 heterozygotes (Fig. 4A) . Conversely, the heterozygous trx B11 null mutation itself modestly but significantly increased H3K27me3 by 13% compared to C-S flies, and elevated the reduced H3K27me3 level of E(z) 60 heterozygotes by 14% (Fig. 4B) . The hypomorphic trx Z11 allele also promoted an increase in H3K27me3 in the E(z) 60 trx Z11 double heterozygotes but to a lesser extent, increasing the H3K27me3 by just 7%, which is consistent with its more modest suppression of E (z) 60 longevity (Fig. S2) . The suppressing effect of two different trx mutations on both the longevity and reduced H3K27me3 level of E (z) 60 mutants further suggests that the increased longevity of PRC2 subunit mutants is likely due to their reduced H3K27me3 levels and /+ mutants live 43% longer than C-S controls (P < 0.001; C-S n = 280; esc 9 /+ n = 276; Sibling control n = 123). No difference in life span was observed between the C-S and esc 9 sibling controls. Life span assays in A and B were conducted in parallel at 25°C under constant humidity (approximately 50%). Sibling controls are genetically matched to experimental genotypes except for the chromosome containing the mutant allele. Reported P values are from Mantel-Cox log-rank statistical analysis. 60 /+ mutants live 21% longer than C-S whereas E(z) 60 trx B11 /+ + double mutants live 5% longer than C-S. trx B11 /+ mutants themselves show no difference in median life span compared to C-S (P < 0.001; C-S n = 298; E(z) 60 n = 296; trx B11 n = 297; E(z) 60 trx B11 n = 295). (B) E(z) 60 /+ mutants live 4.5% longer than E(z) 60 trx Z11 /+ double mutants. trx Z11 /+ mutants show no difference in median life span compared to C-S (C-S n = 292; E(z) 60 n = 296; trx Z11 n = 294; E(z) 60 trx Z11 n = 293). Life span assays were conducted independently at 29°C under constant humidity (approximately 50%). Reported P values are from Mantel-Cox log-rank statistical analysis.
consequent perturbation of Polycomb silencing. This would imply that one or more Polycomb target genes can directly or indirectly modulate longevity (see below).
To begin to identify physiological characteristics of these mutants that may point to Polycomb target genes responsible for their increased longevity, we assayed their resistance to oxidative stress and starvation, two traits often correlated with increased longevity (32, 33) . Genetic screens for mutations that confer resistance to multiple stresses have been shown to enrich for mutants with increased longevity (34) . The E(z) 63 , E(z) 60 , and esc 9 heterozygotes all display substantially greater resistance to acute oxidative stress (15 mM paraquat) and also have substantially greater resistance to starvation than C-S controls (Figs. 5 and 6). Both of these phenotypes of E(z) 60 mutants are suppressed by the trx B11 mutation, suggesting that they are also due to impaired Polycomb silencing (Figs. 5C and 6C). Are the reduced H3K27me3 levels of the long-lived mutants sufficient to compromise Polycomb silencing and alter expression of genes directly regulated by it? Although Polycomb silencing was originally thought to function as an on-off switch, it is now evident that it can also act like a "governor" to modulate the expression levels of some target genes without completely silencing them (10, 35) . This suggests that moderate changes in H3K27me3 may lead to quantitative changes in expression of some Polycomb target genes. Even small changes in the levels of some PcG proteins can have biologically significant effects (36) . To determine whether the reduced H3K27me3 levels observed are sufficient to lead to at least partial derepression of Polycomb target genes, we measured expression of the homeotic gene Abd-B, a well known target of Polycomb silencing, by quantitative real-time RT-PCR (qPCR). As shown in Fig. 7A , Abd-B expression in whole adult males is elevated in E(z) 60 heterozygotes. This increase in Abd-B expression is partially suppressed by the trx B11 mutation in the E(z) 60 trx B11 double heterozygotes, consistent with their modest increase in H3K27me3 (Fig. 4) .
Genome-wide mapping of sites occupied by Polycomb proteins and H3K27me3 in S2 cells by chromatin immunoprecipitation combined with genome tiling arrays (ChIP-chip) has identified several hundred putative direct targets of Polycomb silencing (10, 37, 38) . Genes with well-documented roles in modulating longevity are not among these direct targets (e.g., Sir2, Rpd3, foxo, InR, and others). However the histone deacetylases SIR2 and RPD3, which have been reported to modulate longevity in Drosophila, are also required for robust Polycomb silencing and associate with several larger PRC2 complexes (39) (40) (41) (42) . For this reason, we examined their protein levels after stringent RNAi knockdown of E(Z) in S2 cells and found them to be unchanged (Fig. S3) . This indicates that changes in their levels are unlikely to play a role in the increased longevity or stress resistance of E(z) mutants and suggests that altered expression of genes not yet implicated in modulating life span may be responsible.
One candidate that might play a direct role in the increased longevity and stress resistance of E(z) mutants is Odc1, a putative direct target of Polycomb silencing identified by ChIP-chip (10). Odc1 encodes ornithine decarboxylase, an evolutionarily conserved enzyme that catalyzes the first, rate-limiting step in polyamine biosynthesis (43) . Polyamines have been implicated in resistance to oxidative stress and were recently reported to increase longevity in Caenorhabditis elegans, Drosophila, and mice (44) (45) (46) (47) . Increased expression of ODC in mammalian cells protects them 63 and esc 9 adult male heterozygotes out-crossed to C-S. E(z) 63 /+ and esc 9 /+ mutants have, respectively, 35% less and 45% less H3K27me3 than their respective sibling controls and C-S controls. (B) Quantitative Western blots from age-matched E(z) 60 /+, trx B11 /+, and E(z) 60 trx B11 /+ + adults out-crossed to C-S. E(z) 60 /+ mutants have 35% less H3K27me3 than C-S. trx B11 /+ mutants have 13% more H3K27me3 than C-S. E(z) 60 trx B11 /+ + double mutants have 14% more H3K27me3 than E(z) 60 /+ mutants. The C-S control value was arbitrarily set to 1 in each experimental replicate. The normalized means from three independent replicates of each genotype are plotted with SEM (error bars). t-tests were performed to test for statistical significance. * indicates P ≤ 0.05 compared to C-S. + indicates P ≤ 0.05 compared to E(z) 60 /+. from apoptosis induced by oxidative damage and other stresses (48) . As shown in Fig. 7B , Odc1 expression is elevated more than 2-fold in E(z) 60 heterozygotes, and this increase is partially suppressed by the trx B11 mutation in the double heterozygotes. Further genetic analysis of Odc1 will be required to determine whether it plays a role in the increased longevity and stress resistance of PRC2 mutants. A comprehensive analysis of gene expression changes in the long-lived PRC2 mutant adults will also help identify additional candidates for future studies.
Discussion
The evidence presented here establishes a role for PRC2 and TRX in the modulation of life span and stress resistance. Using multiple alleles of several PRC2 subunits, we provide evidence that heterozygous mutations in the PRC2 subunits E(z) and esc extend life span and increase resistance to oxidative stress and starvation in Drosophila. Consistent with the enzymatic function of PRC2 in the methylation of H3K27, long-lived E(z) and esc mutants have reduced H3K27me3 levels. Furthermore, mutations in trx suppress the increased longevity and stress resistance phenotypes of E(z) mutants, while concomitantly increasing their reduced H3K27me3. The moderate reduction of H3K27me3 in long-lived E(z) mutants is sufficient to partially derepress some direct targets of Polycomb silencing, and this is also counteracted by mutations in trx. These results provide strong evidence that derepression of one or more Polycomb target genes is likely to be responsible for their increased longevity. Interestingly, E(z) was also recently identified as one of a number genes whose mRNA expression levels were significantly associated with variation in longevity in a large set of wildderived inbred lines (49) .
The counterbalancing effects of PRC2 and TRX on H3K27me3 levels suggest a simple model for their modulation of longevity (31) . Although complete loss of PRC2 activity results in preadult lethality, moderately reducing H3K27me3 destabilizes Polycomb silencing sufficiently to cause partial derepression of some Polycomb target genes that can increase life span and stress resistance. Simultaneously reducing TRX and E(Z) exerts a compensatory effect, reestablishing more normal levels of H3K27me3 and Polycomb target gene expression. Based on this model, we expected that heterozygous trx mutations would decrease longevity. However, the modestly elevated H3K27me3 level (13%) of the heterozygous trx B11 null mutant may simply be insufficient to cause this effect in a wild-type background. It will be interesting to see whether increased TRX levels, which decrease H3K27me3 levels (much like PRC2 mutants) by elevating CBP-mediated H3K27 acetylation, will promote increased longevity, as our model would predict.
The evolutionary conservation of PRC2 components in metazoans and their conserved function in epigenetic silencing raises the possibility that they may play a conserved role in modulating life span in other organisms. Although histone methyltransferases have not been previously implicated in modulating organismal longevity, several other highly conserved chromatinmodifying enzymes have been. In addition to SIR2 and RPD3, the histone H3K4 demethylase LSD-1 has also recently been implicated in modulating longevity in C. elegans (50) . Given the roles of these enzymes in the epigenetic maintenance of transcriptional states, it seems likely that additional chromatin modifying enzymes will be found to modulate longevity.
The most well-characterized targets of Polycomb silencing are the homeotic genes of the Bithorax and Antennapedia complexes. Although heterozygous PRC2 mutants exhibit no overt homeotic phenotypes, the elevated level of Abd-B expression in E(z) heterozygotes demonstrates that their moderately reduced H3K27me3 /+ mutants compared to C-S and is partially rerepressed compared to the E(z) 60 trx B11 /+ + double heterozygotes. (B) Odc1 is derepressed greater than twofold in the E(z) 60 /+ mutants compared to C-S and is partially rerepressed compared to the E(z) 60 trx B11 /+ + double heterozygotes. The normalized relative expression levels from three independent biological replicates of each genotype are plotted with SEM (error bars).
level is sufficient to partially derepress Polycomb target genes. Could modest derepression of one or more of the homeotic genes be responsible for the increased longevity? Given that they encode transcription factors, their potential for regulating expression of many other genes leaves this possibility open.
PRC2 mutants exhibit increased resistance to oxidative stress and starvation. The elevated expression level of Odc1, a putative direct target of Polycomb silencing may contribute to this as it has been shown to mediate resistance to oxidative stress and a variety of other chemical and environmental stresses (44, 47, 48) . Dietary supplementation with the polyamine spermidine was also recently shown to increase longevity in yeast, C. elegans, Drosophila, and mice, consistent with the possibility that Odc1 overexpression may contribute to the increased longevity of PRC2 mutants (46) . Recent evidence suggests that other changes in metabolism and adult physiology might also contribute to the increased longevity of PRC2 mutants. YY1, the mammalian homolog of Drosophila PHO (a DNA-binding PcG protein involved in recruiting PRC2 to chromatin), directly regulates many genes required for mitochondrial oxidative metabolism (51) (52) (53) . It will be interesting to determine whether transcriptional regulation of metabolic genes is a broader theme in the adult function of PcG proteins.
PRC2 and TRX play key roles in promoting epigenetically stable transcriptional states through their mutually antagonistic effects on H3K27me3 levels. Recent work has revealed a growing number of biological processes in which they play an important role. The results presented here now point to a role for these epigenetic transcriptional regulators in modulating life span.
Materials and Methods
Drosophila Strains. O-R and C-S wild-type stocks were obtained from the Bloomington Stock Center, Bloomington, IN. E(z) 63 (M1I) is a protein null mutation; E(z) 731 (W638×) and E(z) 60 produce catalytically dead truncated proteins (54) (55) (56) (57) . esc 4 (Q113×) is a null allele resulting from an N-terminal truncation and esc 9 (M236K) is a dominant negative allele (58, 59) . trx B11 is a null allele resulting from an N-terminal truncation and trx Z11 (G3601S) is a hypomorphic mutation (60) (61) (62) (63) . The E(z) 60 trx B11 and the E(z) 60 trx Z11 recombinant flies lines were generated by Thomas Breen. escl 1 is a homozygous viable, strong hypomorphic allele (Exelixis Inc.) (4, 64) . The Su(z)12 4 allele is a null allele (65) .
Life Span Assays. Males carrying PcG mutations were out-crossed to wild-type O-R or C-S virgin females at 25°C and approximately 50% relative humidity on media containing 2% yeast, 10% sucrose, 5% cornmeal, 0.6% agar (wt/vol). Newly eclosed adult males were collected and placed in vials (10-15 per vial). Media used for the life span assays contained 5% yeast, 10% sucrose, 5% cornmeal, 0.6% agar (wt/vol). Vials were kept at 25°C or 29°C and approximately 50% relative humidity for the duration of the assays. Some life span assays as noted were conducted at 29°C to reduce the time required to complete the assay. Increasing the temperature to 29°C has been shown to accelerate life span assays without inducing a heat shock response (66) . Flies were transferred to fresh food three times a week and dead flies were counted. Percent increases in life span are based on comparing the median survivals. Prism (GraphPad) was used for statistical analysis of life span data. Kaplan-Meyer survival curves display life span data and MantelCox log-rank statistical analysis was used for testing statistical significance of the differences between the survivorship curves.
Quantitative Western Blots (H3K27me3 Levels). Whole fly extracts were prepared from 7-to 10-day-old males collected under mild CO 2 anesthesia and stored at −80°C. Frozen flies were placed on ice and a volume (10 μL/mg flies) of PBS-T (0.1% Tween-20) containing protease inhibitors (Complete Mini Protease Inhibitor Mixture Tablet, Roche) was added. Flies were homogenized in 1.5 mL tubes using a pellet pestle (Kontes) and transferred to a Dounce homogenizer for further homogenization. Homogenates were filtered through a double layer of Miracloth (Calbiochem), mixed with an equal volume of 2× SDS sample buffer and stored at −80°C. Before SDS/ PAGE, samples were heated to 95°C for 5-10 min and 5-10 μL was electrophoresed on 13% SDS/PAGE gels and transferred to 0.2 μm pore size nitrocellulose membrane. Antibodies and Quantitative Western blots were performed using an Odyssey Infrared Imager (LiCor) as previously described (31) . Normalized means from three independent replicates of mutant and C-S (control) samples were compared by t tests. Data are displayed as the normalized means with SEM (error bars).
Oxidative Stress Resistance Assays. Fifty to 100 7-to 10-day-old males (progeny of an out-cross to C-S) were placed in bottles without food or water for 4 h at 25°C and approximately 50% relative humidity, then placed in vials (10-15 flies/vial) containing 3 mL of media [5% sucrose, 1.3% low-melt agar, and 15 mM paraquat (Sigma-Aldrich)]. Paraquat was added when media temperature reached 45°C to prevent heat inactivation (67) . Stress assays were conducted at 25°C and approximately 50% relative humidity. Dead flies were scored every 12 h until all flies were dead. Nonmutant siblings and/or C-S flies served as controls. Data are displayed as survivorship. Each experiment was repeated at least two times. Results were pooled to generate the survivorship curves. Prism (GraphPad) was used for statistical analysis of the pooled data. Kaplan-Meyer survival curves display life span data and MantelCox log-rank statistical analysis was used for testing statistical significance between the survivorship curves.
Starvation Resistance Assays. Seven-to 10-day-old males (progeny of an outcross to C-S) were placed into vials (10-15 flies/vial) containing 3 mL of 1.3% low-melt agar with water. Flies were kept at 25°C with approximately 50% relative humidity for the duration of the assay. Dead flies were scored three times a day until all flies were dead. Nonmutant siblings and/or C-S flies served as controls. Data are displayed as survivorship. Each experiment was repeated at least two times and results were pooled to generate survivorship curves. Prism (GraphPad) was used for statistical analysis of the pooled data. Kaplan-Meyer survival curves display life span data and Mantel-Cox log-rank statistical analysis was used for testing statistical significance between the survivorship curves.
Real-Time PCR Analysis. Total RNA was isolated from populations of 7-to 10-day-old whole adult males using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. cDNA was synthesized using a High-Capacity cDNA Archive Kit (Applied Biosystems). Real-time PCR reactions were performed on a 7300 Real-Time PCR System (Applied Biosystems) using Perfecta SYBR green supermix (Quanta Biosciences). Reactions were run in triplicate using three independent biological replicates of each sample. Primer pairs to Abd-B, Odc1, and α-tubulin (control) yielded single peaks in the dissociation curve (primer sequences available upon request). mRNA expression levels of Abd-B and Odc1 were determined relative to α-tubulin expression by relative quantification. Relative expression levels of each gene in each genotype were normalized to C-S and statistical analysis was performed using t tests.
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